Abstract: Ultrafast density-dependent optical spectroscopic measurements on a quantum dots-ina-well heterostructure reveal several distinctive phenomena, most notably a strong coupling between the quantum well population and light absorption at the quantum dot excited state. Semiconductor heterostructures incorporating multiple degrees of spatial confinement have recently attracted a great deal of interest for photonic applications. A well-known example is the quantum dots-in-a-well (DWELL) heterostructure, consisting of zero-dimensional quantum dots (QDs) embedded in a two-dimensional quantum well (QW) and surrounded by three-dimensional bulk material [1] . This unique heterostructure has been particularly successful in lasing and photodetection applications, offering several advantages over existing QW and QD-based devices while providing a model system for the study of light-matter interactions across multiple spatial dimensions. However, there have been no studies that examine carrier dynamics in this system at high excitation densities, where Coulomb interactions between photoexcited carriers strongly influence the temporal evolution of carrier populations [2, 3] . This regime is particularly relevant for DWELL-based lasers and amplifiers, as these carrier-carrier interactions strongly influence gain and dephasing dynamics in these devices [4, 5] . Here, we use ultrafast differential transmission (DT) spectroscopy to temporally and spectrally resolve density-dependent carrier dynamics in a DWELL heterostructure. We observe Coulomb interaction-induced shifts of the quantum dot energy levels at low densities, while at high densities we observe a large induced absorption at the quantum dot excited state that is directly coupled to the quantum well population. These are the first experiments exploring high density light-matter interactions across multiple coupled spatial dimensions, to the best of our knowledge, and thus will significantly impact applications of DWELL-based devices in areas such as semiconductor lasing and infrared detection.
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The DWELL heterostructure used in these experiments is composed of 15 layers, each consisting of InAs QDs (doped at 1 electron/dot) embedded in an In 0.15 Ga 0.85 As QW and subsequently sandwiched between layers of bulk GaAs. Intensity-dependent photoluminescence (PL) measurements taken at 77 K reveal two QD interband transitions and two QW interband transitions. The QD ground (n=1) state is centered at =1109 nm, with the QD excited (n=2) state centered at 1050 nm. The QW n=2 and n=1 states are centered at 880 nm and 935 nm, respectively. Ultrafast differential transmission measurements were performed using a 100 kHz regeneratively amplified Ti:sapphire laser system that provides independently tunable pump and probe wavelengths over a wavelength range of 400 nm-3 μm with sub-100 fs time resolution. Further details of the device structure, PL measurements, energy levels, and ultrafast optical setup are described in ref. [6] . Fig. 1 . Differential transmission spectra for time delays of t=0.1, 10, 100, and 500 ps, taken at excitation densities of (a) 4, (b) 10, and (c) 40 electron-hole pairs (ehp)/dot. All measurements were done at a temperature of 30 K with a pump wavelength of 800 nm. Figure 1 shows the differential transmission spectra for several representative time delays and photoexcited carrier densities. Here, we will primarily focus on the negative DT signal ( T/T<0) observed at the QD n=2 state (~1021-1074 nm), as other features of the DT spectra have been described in a previous publication focusing on the low density dynamics [6] and do not change significantly with carrier density. Negative DT signals typically signify a2907_1.pdf ITuL5.pdf
ITuL5.pdf 978-1-55752-869-8/09/$25.00 ©2009 IEEE a pump-induced absorption at the probe wavelength due to carrier density-dependent changes in the positions, amplitudes, and widths of the quantum confined optical transitions. In quantum dots, these effects typically arise from Coulomb interactions between the pump-excited electron-hole pairs (ehp) occupying a given quantized level and the electron-hole pair excited by the probe pulse [3] . An example is given by the long-lived negative DT signal observed for >1200 nm at all measured carrier densities (Fig. 1) ; a simple model for the DT spectrum indicates that this long wavelength signal is due to a Coulomb interaction-induced shift of the QD n=1 state, with typical magnitudes of a few tens of meV. A similar interaction-induced shift of the QD n=2 state is also responsible for the negative DT signal observed from 1021-1074 nm at early times. However, a plot of the time dependent DT signal at 1047 nm (Fig. 2(a) ) reveals unique features that cannot be explained solely by Coulomb interaction-induced QD level shifts. These interesting effects are discussed in more detail below. At all excitation densities, the 1047 nm DT signal is comprised of an ultrafast negative signal and a long-lived positive signal. The long-lived positive signal is due to filling of the QD n=2 state, limited by electron-hole recombination from the n=1 state [6] . The ultrafast negative signal recovers on a sub-picosecond time scale, independent of excitation density, and can be attributed to Coulomb interaction-induced shifts of the QD n=2 state as described above. At low excitation densities, this signal becomes positive within 1 ps due to state filling, as observed in previous studies of QDs [3] . However, as the density increases above 4 ehp/dot, an additional negative component (indicating an induced absorption at the probe wavelength) grows, remaining negative for ~80 ps at 40 ehp/dot ( Fig. 2(a) ). The QD states are filled at 6 ehp/dot, strongly implying that any changes in the 1047 nm DT signal at higher carrier densities can be linked to the QW population. This is more quantitatively supported in Fig. 2(b) , where we compare the density-dependent induced absorption signal at 1047 nm with the DT signal at the QW n=1 state (939 nm) at an excitation density of 40 ehp/dot. The time dependence of the 1047 nm induced absorption signal at 40 ehp/dot is extracted by first subtracting the 4 ehp/dot DT signal (which is solely due to the QD response) from the 40 ehp/dot DT signal (which contains contributions from both QD and QW states). Fig. 2(b) reveals that the time dependence of the 1047 nm induced absorption signal is nearly identical to that of the 939 nm DT signal. This strongly suggests that the density-dependent induced absorption observed at the QD n=2 state is linked to the carrier population in the QW. Further studies are required to conclusively isolate the mechanism by which this occurs; carrier-induced shifts of the QW continuum band edge [4] or excitation-induced dephasing [5] are two compelling possibilities. Nevertheless, this unique effect offers many potential applications, such as dynamically tunable lasers and excitation-dependent optical switches.
In conclusion, we have used ultrafast differential transmission spectroscopy to explore high density light-matter interactions across multiple coupled spatial dimensions in a quantum dots-in-a-well heterostructure. Our experiments reveal the influence of Coulomb interactions on the observed DT spectra across different time scales and excitation densities. Remarkably, we observe a strong influence of the QW carrier population upon light absorption at the QD excited state. This is the first observation of dynamic light-matter coupling between different spatial dimensions, to the best of our knowledge, with important implications for DWELL-based photonic devices.
